A quizalofop-resistant Echinochloa crus-galli biotype (RR) was collected from Geqiushan Farm in Heilongjiang Province. Gramineae acetyl-CoA carboxylase (ACCase) in plastid is the target site of quizalofop. Two full-length cDNAs of the plastid ACCase from RR and sensitive Echinochloa crusgalli (SS) were cloned. Plastid ACCase cDNA from RR encodes a protein of 2316 amino acids with an estimated isoelectric point of 5.97 and a calculated molecular mass of 256 kD. The two sequences were compared with their homologs from other plants and the deduced proteins were analyzed to identify plastid ACCase. It was found that the amino acid at position 1781 (standardized to Alopecurus myosuroides) was Leu in RR, while Ile in SS and other cereal plastid ACCases. It was suspected that the change of Ile to Leu residue related to the resistance to quizalofop of RR.
Introduction
Acetyl-CoA carboxylase (ACCase; EC 6. 4. 1. 2) is a biotinylated enzyme that catalyzes the first committed step in fatty acid biosynthesis and provides malonyl-CoA for the synthesis of a variety of important secondary metabolites and for malonylation. 1, 2) In plants, these primary and secondary metabolic pathways are located in different compartments. It has been shown that plants have two forms of ACCase. One is located in plastids, the primary site of plant de novo fatty acid synthesis, which is a "prokaryotic-type" multisubunit enzyme. Another plant ACCase is located in cytosol, which is a "eukaryotic-type" multifunctional enzyme; however there is an exception, Gramineae ACCases in plastids and cytosol all belong to the eukaryotic type. [3] [4] [5] [6] In the Gramineae, two distinct genes encode cytosolic and chloroplastic ACCases. This has been demonstrated in wheat, 5, 7, 8) maize, 9) diploid gramineous weeds Lolium mutiflorum Lam. 10) and Alopecurus myosuroides Huds. 11) and is a means of identifying two eukaryotic-type ACCase isoenzymes.
Two chemically dissimilar classes of selective herbicides (aryloxyphenoxypropionates (APPs) and cyclohexanediones (CHDs) block fatty acid biosynthesis in Gramineae by inhibiting their plastid ACCases and cause plant death. 12) Since their introduction, ACCase-inhibiting herbicides have been widely used to control many annual and perennial grass weeds; however, their repeated use over many years has led to the evolution of resistant populations. 13) Since the first cases of rigid ryegrass (Lolium rigidum Gaudin) in Australia, 14) 36 different weed species have been reported throughout the world to be resistant to these herbicides. 15) Reports indicate that the plastid ACCase in resistant weeds has a Leu residue rather than Ile in the sensitive biotypes. This point is at 1781 amino acid in Alopecurus myosuroides. [16] [17] [18] Only two substitutions (A to T or A to C at the first nucleotide of an Ile codon) can code for a Leu rather than Ile. The mutation of A to T was identified in L. rigidum. 16) The mutations of A to T and A to C were found in A. myosuroides. 17) Overall, eight point mutations in plastid ACCase are related to the resistance to ACCase inhibitors. 15) Echinochloa crus-galli (L.) Beauv. (barnyardgrass) is a Gramineae weed and one plant can produce 7000 or more seeds. It is a vigorous competitor for space and nutrients. It can remove high levels of potassium, phosphorus, and nitrogen from the soil. It is an alternate host of the tungro and dwarf viruses. Sixty-one countries report this weed in thirtysix different crops fields.
Heilongjiang Province is the main soybean-producing region of China and quizalofop has been used in soybean fields
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Original Article to control grass weed for many years. Recently, barnyardgrass became difficult to control. A resistant barnyardgrass biotype (RR) was collected from a soybean field and studied in this research. In this paper, we cloned the full-length cDNAs of plastid ACCase from this biotype and a sensitive biotype (SS) and compared the two sequences.
Materials and Methods

Seed collection
Seeds of RR were collected from a soybean field of Geqiushan Farm in Wudalianchi City. Quizalofop had been used for more than 10 years in this field. The seeds were collected from plants that had survived after spraying quizalofop (60 g a.i. ha Ϫ1 ). Seeds of SS were collected from a hill in Geqiushan Farm that had never received any herbicides.
Whole-plant pot experiments
Greenhouse studies were conducted to evaluate the resistance of RR and SS to quizalofop. Seeds were soaked in 0.1% gibberellin A 3 (GA 3 ) for 12 hr and then sown in 15-cm i.d. plastic pots filled with a 2 : 1 (wt/wt) mixture of sand and loam (cinnamon soil). Soil pH was 7.9 and organic matter was 2.2%. The pots were irrigated and transferred to a greenhouse with natural lighting and approximately 20/25°C night/day temperatures. After emergence, seedlings were thinned to five plants per pot. Two weeks after planting, plants at the three-to fourleaf stage of development were treated using a compressedair, moving-nozzle cabinet sprayer equipped with a Teejet XR8003 flat fan nozzle calibrated to deliver 400 L ha Ϫ1 at 275 kPa. Quizalofop rates were 60, 480, 960, 1440, 1920, and 2400 g a.i. ha Ϫ1 (RR). These rates were 1ϫ, 8ϫ, 16ϫ, 24ϫ, 32ϫ, and 40ϫ the recommended rate of quizalofop. SS biotype was treated with quizalofop: 1.875, 3.75, 7.5, 15, 30, and 60 g a.i. ha Ϫ1 . These rates were 1/32ϫ, 1/16ϫ, 1/8ϫ, 1/4ϫ, 1/2ϫ, and 1ϫ the recommended rate of quizalofop. An untreated control was included for comparison. Herbicide dosages were determined from preliminary experiments. Plants were returned to the greenhouse after treatment. Two weeks after treatment, barnyardgrass plants were cut from the surface of the soil and fresh weight was determined. All experiments were a completely randomized design with four replications and repeated three times. Combined data over the three experimental runs were subjected to analysis of variance (ANOVA) and dose-response relationships were examined using the Probit model (Eq. 1) of SPSS software (Version 13.0; SPSS Inc.):
where Y is Probit, b is intercept, k is the regression coefficient, and x is log 10 (dose). GR 50 ϭthe herbicide rate required for 50% growth reduction. The resistance level of the RR population was determined by the resistance ratio (R/S), which was calculated as the GR 50 of RR biotype divided by the GR 50 of the sensitive SS biotype.
Total RNA isolation
One RR pot and one SS pot were sown as "Whole-Plant Pot Experiments." Each pot contained one plant. Two weeks after planting, plants at the three-to four-leaf stage were sprayed with quizalofop 60 g a.i. ha Ϫ1 . Before spraying, the first leaf of RR and SS was cut and stored at Ϫ80°C. Two weeks after treatment, RR was slightly injured and looked similar to the untreated RR in "Whole-Plant Pot Experiments." SS was dead and dry. Total RNA was extracted using the RNA simple Total RNA kit (Tiangen Biotech, China).
RACE
The cDNA ends of ACCase were amplified using the Takara 3Ј-Full RACE Core Set Ver. 2.0 and 5Ј-Full RACE Kit following the protocol described (Takara BioTech, China). The 5ЈRACE/3ЈRACE gene-specific primers ( Table 1) were designed according to known conservative regions of Gramineae plastid ACCase cDNAs. Other universal primers were provided by the two kits. The PCR products were cloned into pMD18-T vector (Takara BioTech) and sequenced.
Cloning the full-length cDNA of barnyardgrass plastid ACCase
First-strand cDNA was synthesized using a QuantsScript RT Kit (Tiangen Biotech). cDNA was used for amplification by PCR with Takara LA Taq (Takara BioTech). After denaturing at 94°C for 5 min, the PCR reaction was carried out for 35 cycles as follows: 94°C for 1 min, 68°C for 8 min, followed by a 7-min final extension at 68°C. The full-length primers ( Table  1) were designed based on the sequence obtained by the 5ЈRACE/3ЈRACE. The PCR products were cloned into the TOPO XL PCR Cloning Kit (Invitrogen). 
Sequence analysis and comparison
Results
Whole-plant pot experiments
Since ANOVA of pot experiments indicated no significant difference, inhibition rates were averaged over the three experiment repeats. Dose-response relationships examined using the Probit model (Eq. 1) of SPSS software are shown in Fig. 1 .
In pot experiments, the application of 24ϫ the recommended rates (1440 g a.i. ha Ϫ1 ) of quizalofop to the RR plants resulted in 55.2% growth reduction; however, the growth of SS was reduced by 52.5% after the application of 1/4ϫ the recommended rate (15 g a.i. ha Ϫ1 ). GR 50 of RR and SS populations were 1134 and 13.2 g a.i. ha Ϫ1 , respectively. The results showed that the RR population was highly resistant to quizalofop with a resistance ratio of 86.1.
Cloning of full-length cDNA
3ЈRACE and 5ЈRACE generated bands of about 842 bp and 411 bp, respectively, in RR and SS plants (Fig. 2) . After sequencing the two bands these sequences showed high homology to the known Gramineae plastid ACCase cDNA. Based on the sequences of 3Ј and 5Ј RACE, DNA bands of about 7.3 kb containing the complete ORF were obtained from RR and SS using full-length primers (Fig. 3) .
After assembling the sequences from RACE and RT-PCR, the full-length cDNA sequence of the ACCase gene in RR was obtained, which was 7527 bp including an ORF of 6951, 193 nucleotides of 5Ј untranslated sequence (UTR) and 383 nucleotides of 3Ј UTR. The gene is deduced to encode a protein of 2316 amino acids with an estimated isoelectric point of 5.97 and molecular mass ca. 256 kDa. Vol. 36, No. 4, 461-466 (2011) Plastid acetyl-CoA carboxylase cDNA 463 
Sequence analysis and comparison
According to our BLAST results, the amino acid sequence encoded by cloned cDNA from RR had 83.15% similarity to plastid, eukaryotic-type ACCase in Alopecurus myosuroides and 95.39% similarity to foxtail millet [Setaria italica (L.) Beauv]. From the phylogenetic tree, the protein was much closer to the plant eukaryotic-type, plastid ACCase than to other plant cytosolic and fungal plastid ACCase (Fig. 4) . A 100-amino-acid region (amino acid positions 1-100) at the Nterminal end of the deduced protein contained a high number of hydroxylated and small, hydrophobic amino acids, typical of plastid transit peptides. 19) Although the sequences of transit peptides have been reported to be highly variable among plants, 19) the amino acid sequence of this 100-amino-acid region in barnyardgrass showed 89% identity with the transit peptide sequence of the plastid ACCase from maize. These results supported our conclusion that we cloned the expected cDNA from barnyardgrass encoding plastid ACCase. The accession numbers in GenBank of the two cloned sequences encoding plastid ACCase in SS and RR were HQ395758 and HQ395759, respectively. There are several amino acid differences between RR and SS ACCase. Compared with the amino acid sequence of other eukaryotic ACCases, we could find an interesting correlation (Fig. 5 ). The amino acid at 1781 (in Alopecurus myosuroides) in RR is Leu, but is Ile in SS. The Ile residue at position 1781 (in Alopecurus myosuroides) is conserved in all known eukaryotic-type, chloroplastic ACCases. 17) In other eukaryotictype ACCases (plant cytosolic ACCases, fungal and animal ACCases), which are much less sensitive to both APP and CHD herbicides, 20) a Leu residue is found at this position (Fig. 5) . Interestingly, the plastid, eukaryotic-type ACCase from the parasitic protozoan parasite Toxoplasma gondii, which is resistant to CHD herbicides, also has a Leu residue at this position. 21) Unpublished results in our laboratory have shown that the plastid ACCase in RR biotype expressed lower sensitivity to quizalofop-p-ethyl than the SS biotype. From these results and analysis, we suspected that the change of Leu from Ile residue is related to the resistance of plastid AC-Case in RR to quizalofop. The result is consistent with Zagnitko et al. 16) and Delye et al. 17) 
Discussion
In a cotton field of Northern Greece, Sorghum halepense evolved resistance to quizalofop for repeated applications of quizalofop for more than seven years. 22) Similarly, a single application of fluazifop or quizalofop for at least five years resulted in a Sorghum halepense population with cross-resistance to these two herbicides and to sethoxydim. 23) Research has shown that resistance to ACCase-inhibiting herbicides in grass weeds can result from enhanced metabolism, from overproduction of ACCase 23) or, more frequently, from the presence of an altered, insensitive form of the target plastid ACCase enzyme. [24] [25] [26] For ACCase insensitivity, there are many studies at the biochemical level. A preliminary report by Zhang and Devine 18) identified a point mutation in the region of the plastid ACCase gene encoding the carboxyl transferase (CT) domain of a sethoxydim-resistant biotype of Setaria viridis which conferred an Ile to Leu substitution. A similar change has been identified in the ACCase gene of sethoxydim-resistant Avena fatua (wild oats). 27) In the latter, crossing experiments showed cosegregation of the mutation with the resistance trait. The authors pointed out that while Ile is conserved in herbicide-susceptible plastid-localized AC-Cases of grasses, Leu is found in the corresponding position in cytosolic ACCases that naturally resist herbicide inhibition. 28) Recently, Zagnitko et al. 16) expressed chimeric ACCase in yeast and demonstrated that changing the equivalent Ile in Triticum aestiuum (wheat) plastid ACCase for Leu changes the enzyme from a herbicide-sensitive to a resistant form. They also showed that resistance in L. rigidum is associated with the same mutation.
This study reports the presence of an Ile to Leu substitution in barnyardgrass, which was suspected to correlate with quizalofop resistance. Moreover, the full-length cDNA of RR plastid ACCase can be introduced into Gramineae crops to confer herbicide resistance in the future. This over-expression is also likely to lead to an increase in the oil content of the plants and seeds. The relation between quizalofop resistance and other amino acid changes, ACCase activity and ACCase gene expression in RR will be studied in the future.
